Following their discovery in the early 1960s, there has been a continuous quest for ways to take advantage of the extraordinary properties of shape memory alloys (SMAs). These intermetallic alloys can be extremely compliant while retaining the strength of metals and can convert thermal energy to mechanical work. The unique properties of SMAs result from a reversible diffussionless solid-to-solid phase transformation from austenite to martensite. The integration of SMAs into composite structures has resulted in many benefits, which include actuation, vibration control, damping, sensing, and self-healing. However, despite substantial research in this area, a comparable adoption of SMA composites by industry has not yet been realized. This discrepancy between academic research and commercial interest is largely associated with the material complexity that includes strong thermomechanical coupling, large inelastic deformations, and variable thermoelastic properties. Nonetheless, as SMAs are becoming increasingly accepted in engineering applications, a similar trend for SMA composites is expected in aerospace, automotive, and energy conversion and storage-related applications. In an effort to aid in this endeavor, a comprehensive overview of advances with regard to SMA composites and devices utilizing them is pursued in this paper. Emphasis is placed on identifying the characteristic responses and properties of these material systems as well as on comparing the various modeling methodologies for describing their response. Furthermore, the paper concludes with a discussion of future research efforts that may have the greatest impact on promoting the development of SMA composites and their implementation in multifunctional structures.
Introduction
Shape memory alloys (SMAs) are a unique class of intermetallic materials capable of undergoing a reversible solid-to-solid phase transformation via thermal and/or mechanical loadings which may result in large recov-erable, inelastic strains of ∼1-8 % [232, 325] . Specifically, at high temperature and low stress, the material structure is that of a high-symmetry (cubic) austenitic phase while at low temperature and high stresses a lower symmetry (typically orthorhombic or monoclinic) martensitic structure is observed. Two key behaviors of SMAs result from this transformation-the shape memory effect (SME) and pseudoelasticity. The former refers to the ability of the material to recover large, seemingly permanent strains via heating from a deformed shape in martensite to a remembered, austenitic one, while the latter is associated with SMAs being able to undergo large, hysteretic stress-strain excursions without any permanent deformations at a sufficiently high temperature [232] . Because of these exciting responses, SMAs have been increasingly investigated for application in roles such as actuators [46] , couplers, and vibration dampeners [75] , in the aerospace [74,172], civil [115,326,406] , and petroleum [4] industries as well as in MEMS devices [45] . Furthermore, NiTi (the most common SMA) is biocompatible leading to the application of SMAs in biomedical devices such as stents [118, 286, 302] and implants [31, 123] .
Since their discovery [72], SMAs have been increasingly accepted as an engineering solution to a wide variety of problems. As such, multiple research efforts have focused on expanding their potential applications [410] by exploring ways of taking advantage of or even improving their unique performance-related characteristics. To accomplish this goal, Ashby and Bréchet [16] identified two possible approaches: (i) the development of new alloys and material systems or (ii) the creation of hybrid materials that combine the characteristics of existing materials. Efforts toward the former have resulted in the creation of high-temperature SMAs (HTSMA) [138, 285] , magnetic shape memory alloys (MSMAs) [211, 359] , and shape memory polymers (SMPs) [251, 373] . The latter possibility, however, holds more excitement with respect to SMAs. Specifically, by combining one (or more) SMA phases with other constituents, novel material systems with both specific effective thermoelastic and transformation behaviors may be created. Such a concept incorporates materials with distinct phases including using SMA as either reinforcement or matrix and porous media. The former will be referred to (collectively) as SMA composites, and efforts into this area started in the late 1980s, when Rogers and Robertshaw [383] first embedded NiTiNOL wires in a laminated polymer matrix composite (PMC). In this initial investigation, Rogers and Robershaw [383] first introduced the term SMA composite and classified this material as an adaptive material that they defined as, "... a composite material that contains shape memory alloy fibers (or films) in such a way that the material can be stiffened or controlled by the addition of heat." As will be seen in the remainder of this paper, the SMA composite class of materials has greatly expanded in terms of microstructure and application versus that original definition. Examples are shown in Fig. 1 in which micrographs of polymer, metal, and ceramic matrix composites and porous specimens are presented. The indicated composites exhibit a variety of reinforcement types (e.g., fiber, particulate, controlled channel networks) and have been considered for a wide range of purposes. A complete listing of composites that have been manufactured and used for either experimental or application purposes is presented in a later section for composites with the SMA playing the role of either the reinforcement or matrix.
Initial efforts into SMA composites focused on utilizing the SME of SMA wires in two ways-active property tuning and active strain energy tuning (commonly referred to in the literature as APT and ASET, respectively) [267, 379, 382, 383] . Active property tuning refers to transformation of undeformed SMA wires from their martensitic state to the austenitic one to take advantage of the corresponding increase in elastic modulus which can be quite useful in vibration, damping, and structural control. For active strain energy tuning, initially elongated wires are heated back to their remembered, austenitic shape. The induced contraction of the wires leads to large internal stresses (and strain energy) that, in addition to the change in modulus, can provide even greater control over vibration, damping, or other structural characteristics [41] [42] [43] 126, 268, 377, 378, 380, 381, 394] . Baz and Ro [44] extended this concept by accounting for the inherit energy dissipation of martensitic transformation in conjunction with changes in composite stiffness to achieve optimal vibration control over a broad frequency spectrum. The SME was further used to increase the effective yield strength in SMA/metal matrix composites due to the internal forces associated with thermal recovery as initially proposed by Yamada et al. [460] and demonstrated by Armstrong and Kino [8] . Paine et al. [332] also used the SME with a NiTi-reinforced polymer matrix system to relieve peak tensile stresses in pressure vessels. Other topics of the early investigations included improved impact damage resistance via the dissipative nature of the hysteric response of pseudoelastic SMAs [329, 331] , enhancement of critical buckling loads and improvements in post-buckling response [376] . Shape memory alloy-reinforced composites were also considered as promising candidates for morphing structures. Composite actuators in the form of beams and rods were first analyzed by Chaudhury and Rogers [83] and Lagoudas and Tadjbakhsh [241, 242] , respectively, and subsequent efforts focused on characterizing the actuation response of SMA composites soon followed [33, 60, 449] (including SMA-piezoelectric systems [235, 236] ). Over the years, actuators comprised of SMA composites have been
